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Edited by Takashi GojoboriAbstract It has been shown that overexpression of MIR156b/c
resulted in a bushy phenotype in maize and rice. Our results indi-
cated that the MIR156b/c locus was highly conserved among
cereals, but not in dicots and that genome duplication events
played an important role in the evolution of the miR156 family.
Genetic diversity investigation at the locus indicated that only
9% of nucleotide diversity observed in wild rice (O. ruﬁgogon)
was maintained in the cultivated rice and the neutral model was
rejected (P < 0.05) based on Tajima’s D and Fu and Li’s D* and
F* tests. To our knowledge, this is the ﬁrst example of miRNA
gene to be targeted by both natural and domestication selection
in plants.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Small RNAs transcriptionally or posttranscriptionally regu-
late gene expression in eukaryotes. In plants, these small regu-
latory and noncoding RNAs are classiﬁed into microRNAs
(miRNAs) and small interfering RNAs (siRNAs). miRNAs
are 21 base-pair (bp) long. They derive from hairpin struc-
tured miRNA precursors (pre-miRNAs) that are processed
by an RNase III-like enzyme called DCL1 (DICER-LIKE 1)
from primary miRNAs (pri-miRNAs) transcribed by RNA
polymerase II [1]. miRNAs posttranscriptionally down-regu-
late gene expression by cleavage or translational repression
of target mRNAs. In plants, miRNAs were ﬁrst found in
2002 [2–5]. To date, 4584 miRNAs have been identiﬁed in
animals and plants (miRBase, http://microrna.sanger.ac.uk/,
Release 9.2). In rice, 242 miRNAs of 62 families have been
identiﬁed by cloning or computational prediction [6–10].
The miR156 family was one of the ﬁrst characterized miRNA
families in plants [5,11], and has 12 members in rice [5,7]. It is
highly conserved in the plant kingdom and has been identiﬁed
in 45 diﬀerent plant species [12]. miR156 has been demon-
strated to target SPL genes, which are plant speciﬁc transcrip-
tion factors containing an SBP box [6,13–15]. Recently,*Corresponding author. Fax: +86 571 86971117.
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doi:10.1016/j.febslet.2007.09.002evolution of miRNA families with multiple members (such as
miR156, miR169 and miR395) has been investigated in Arabid-
opsis. It was found that duplication events played an important
role in diversiﬁcation and evolution of these miRNA families
[16]. Duplication was also one of the main mechanisms in-
volved in the evolution of several rice miRNA families, such
as the miR159 and miR395 families [17,18]. Of 12 miR156 fam-
ily members located on six chromosomes, miR156b and
miR156c (miR156b/c hereafter) are tandem miRNAs on chro-
mosome 1. A full-length cDNA (AK110797) encodes both
miRNAs. Overexpression of miR156b resulted in reduced plant
high and increased number of tillers in rice [13]. In maize the
Corngrass1 (Cg1) gene also encodes tandem MIR156 genes
(MIR156b and MIR156c). The dominant Cg1 mutant shows
dwarﬁng, multiple-tillers and a bushy phenotype due to over-
expression of miR156b/c [19].
Of the six domestication genes identiﬁed to date, a notable
feature is that ﬁve of them encode transcription factors that
regulate or target other genes by directly binding to their
DNA [20]. Transcription factors, in turn, are major targets
of miRNAs. For example, tga1, a transcription factor of the
SPL family known to have had a role in the domestication
of maize from teosinte, is one of the targets of Cg1 [19].
In this study, we show that tandem and whole genome dupli-
cation are the driving force for expansion of the miR156 family
in rice, and that genomic organization around the MIR156b/c
locus is highly conserved in cereals. Sequencing theMIR156b/c
locus in 30 cultivated rice cultivars and 15 wild rice accessions
revealed that this locus experienced strong natural and poten-
tial domestication selection.2. Materials and methods
2.1. Plant materials
Forty-ﬁve diverse Oryza accessions were selected from a wide range
of geographical locations to represent a broad range of the genetic
diversity within cultivated rice (Oryza sativa) and its wild ancestor,
O. ruﬁpogon. O. sativa includes 30 domesticated lines (15 indica and
15 japonica cultivars). Detailed information of the 45 rice accessions
is listed in supplemental Table S1.
2.2. PCR and DNA sequencing
To investigate sequence variation in theMIR156b/c locus among the
selected rice lines, a 900bp genomic fragment that covers miR156b
and miR156c was ampliﬁed from each cultivar/accession using the
following pair of primers. Forward primer: 5 0 TGGCTAGCTAATC-
CATGAGA 3 0; reverse primer: 5 0 TCAGAAATACTTCACAGAGA-
GAGTACG 3 0. Primers were designed based on the genomic sequenceblished by Elsevier B.V. All rights reserved.
Fig. 1. Genomic localization and phylogenetic tree of the miR156
family in rice. (A) Distribution of miR156 family members and
duplication events contributed to evolution of miR156 family in rice
genome. a–k refer to miR156a-k (miR156h and miR156j locate at the
same genomic position). The transcript of MIR156b/c containing
miR156b and miR156c is shown, with the arrow indicating their
transcription direction. Detailed alignments of duplicated segmental
pairs containing miR156 members see Fig. 2 and Fig. S1; (B)
Phylogenetic tree of miR156 family. MIR156 precursor sequences
were used to generate the NJ tree.
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compared to the rice genome sequence (NCBI GenBank) to ensure
their speciﬁcity.
Genomic DNA was extracted from fresh rice leaves using a cetyl-
trimethylammonium bromide (CTAB) protocol [22]. PCR reactions
were carried out on a thermocycler (Eppendorf) under the following
conditions: 95 C for 5 min, followed by 35 cycles of denaturation at
94 C for 30 s, annealing at 53 C for 30 s and extension at 72 C for
90 s, with a ﬁnal extension at 72 C for 10 min. PCR products were
visualized on 0.8% agarose gel. A product of expected size was ampli-
ﬁed from each sample. The ampliﬁed products were puriﬁed using a
glassmilk PCR puriﬁcation Kit (BioDev-Tech, China). For O. sativa
cultivars, puriﬁed PCR products were directly sequenced on both
strands using the forward or reverse primer. For O. ruﬁpogon, in which
either homozygous or heterozygous individuals might exist, PCR frag-
ments were cloned into pGEM T-easy vectors (PMD19-T, Takara) and
sequenced using the forward or reverse primer. At least three indepen-
dent clones were sequenced. All sequences were deposited into Gen-
Bank, with GenBank accession numbers EU004233–EU004275.
2.3. Genome data
The TIGR rice pseudomolecules (release 5) and sorghum (Sorghum
bicolor) genome segments were downloaded from http://www.tigr.org/
tdb/e2k1/osa1/ and http://www.phytozome.net/sorghum, respectively.
2.4. Sequence analysis
MIR156 precursor sequences were aligned using MAFFT (version
5.8) [23] for the construction of phylogenetic trees. Neighbor-joining
(NJ) phylogenies based on the Kimura 2-parameter distance matrix
were generated by MEGA version 3.1 [24]. Bootstrap conﬁdence val-
ues were obtained by 1000 replicates. Over 60% supporting notes were
shown. Watterson’s estimator of h [25], the average pairwise nucleotide
diversity p [26] and Tajima’s D and Fu and Li’s D* and F* tests of neu-
trality [27,28] were estimated using DNASP version 4.10.2 [29].
For rice syntenic analysis, the duplicated blocks among diﬀerent
chromosomes available in TIGR’s Rice Genome Annotation (http://
www.tigr.org/tdb/e2k1/osa1/) were used as guides, and the correspond-
ing genomic sequences containing miR156 family members were down-
loaded from TIGR. Repeats were ﬁltered using Repeatmasker
(tigr_plant_repeat.lib, mips_REdat_4.3_rptmsk.lib, repbase) before
the duplicated genomic sequence pairs were aligned using BLASTN.
The hits with an E value less than 1e  20 were used to generate syn-
tenic ﬁgures. The same method was used to generate the synthenic rela-
tionship between rice and sorghum. The synteny between rice and
maize was based on TIGR’s syntenic map, in which the genetic map
of maize cIBM 2005 was used.3. Results and discussion
3.1. Evolution of MIR156b/c through duplication events
Twelve MIR156 genes located on six chromosomes have
been identiﬁed in rice. MIR156b and MIR156c are located
close to each other on chromosome 1 and are within a single
transcript AK110797 (Fig. 1A).MIR156j andMIR156h, which
have the same mature miRNAs but diﬀerent length precursors,
are located at the same genomic region on chromosome 6
(Fig. 1A). Based on analysis of rice genomic sequences, a
whole genome duplication event that occurred about 70
million years ago (mya) has been well documented [30–33],
which predates the divergence of cereals (50 mya; [34]) but
postdates the divergence of monocots and dicots (200 mya;
[35]). Seventeen large duplicated blocks have been maintained
[36]. We found that 11 of 12 MIR156 loci (except MIR156a)
are located in the duplicated regions (Fig. 1A). The collinear
regions containing MIR156 genes were further investigated
in detail; a perfect syntenic relationship was found for four
MIR156 pairs (MIR156b/c and MIR156l, MIR156i and
MI156e, MIR156d and MIR156h/j, and MIR156f andMIR156g) (Fig. 2A and Figure S1). Only MIR156k on chro-
mosome 9 did not have a counterpart at its syntenic region
on chromosome 8 (Figure S1). Phylogenetic analysis indicated
the MIRNAs in each of these four pairs cluster together ﬁrst
(Fig. 1B), similar to the result obtained by Zhang et al. [12]
even though not all members of the rice MIR156 family were
included in their analysis. These results suggest that whole gen-
ome duplication had a role in evolution of theMIR156 family.
Phylogenetic analysis indicated that MIR156b or MIR156c
was generated by a tandem duplication event, which occurred
before the whole genome duplication event (70 mya;
Fig. 1B). In addition, our ﬁndings that the tandem MIR156b/
cwas discovered in sorghum andmaize, and the genomic region
containing MIR156b/c is highly conserved among these cereals
(see the following section) also suggest that the tandem duplica-
tion event may have occurred before the divergence of cereals
(50 mya). In Arabidopsis, both MIR156b and MIR156c are
located on chromosome 4 but are separated by many genes
rather than in a tandem conﬁguration [16]. Similarly the tan-
demMIR156b/c was also not found in the dicot plants Populus
trichocarpa (http://genome. jgi-psf.org),Medicago truncatula
(http://www.medicago.org) and Solanum lycopersicum (http://
www.sgn.cornell.edu), for which genomes have been sequenced
or are being sequenced. Based on these results, we believe that
the tandem duplication of MIR156b or MIR156c occurred
before the divergence of cereals but after the divergence of
Fig. 2. Genomic synteny of the MIR156b/c locus. (A) Alignment between genomic segments containing MIR156b/c on chromosome 1 and its
duplicated segment on chromosome 5 in rice. Genomic positions of duplicated segmental pairs and miR156 members (vertical red bars) are indicated;
(B) Synteny ofMIR156b/c among rice, maize and sorghum. Synteny between 3.3 Mb genomic regions containingMIR156b/c in rice and sorghum is
shown on the top. Maize genetic map (cIBM 2005) with MIR156b/c (or Cg1 gene) mapped to the cko1 locus is shown at the bottom.
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MIR156 member in the syntenic region ofMIR156b/c on chro-
mosome 5 (Fig. 2A). To see whether there is another MIR156
member near MIR156l, a 1 Mb genomic syntenic region
(TIGR chr5_4863414_5935558, see Fig. 2A) containing
MIR156l was used for prediction of putative miRNAs using
RNA folding software (http://www.tbi.univie.ac.at/~ivo/
RNA/). No new putative MIRNA gene was found (data not
shown), suggesting that the putative MIRNA corresponding
to MIR156b or MIR156c on chromosome 5 might have been
lost after the whole genome duplication event. Similarly, the
paralog of MIR156k on chromosome 8 that arose from whole
genome duplication was found to be lost (Fig. 1A). The miR156
family of Arabidopsis also experienced a large expansion via
segmental duplication events and loss of family members [16].
In addition, tandem or segmental duplication events have been
shown to have had a role in evolution of other miRNA families
in rice, such as miR160, miR162, miR167, miR169, miR171
and miR395 [17,18]. Therefore, as for protein-coding genes,
duplication and loss of duplicates may represent one of the
main evolutionary routes for birth and death of MIRNAs in
plants.
Our analysis showed that over half of the duplicated
MIR156 genes have survived after genome or segmental dupli-cation in rice. The retained proportion of duplicated MIR156
genes is signiﬁcantly higher than that of protein-coding genes,
for which less than 25% of the duplicates are thought to have
survived following the genome duplication in rice [30]. This
estimation is much lower (3.2–9.5%) if the initial numbers of
genes in a duplicated region are considered [37]. The rice
SPL family, targets of miR156, has also undergone dramatic
expansion and has at least 19 members [13], and derived from
the genome duplication event (data not shown). Identiﬁcation
and characterization of the functions of the SPL genes should
shed light on the co-evolution relationship between the
miR156 and the SPL gene family.3.2. Highly conserved MIR156b/c among cereals
Large-scale genome sequencing and well documented genetic
maps have made the investigation of synteny among cereals
possible. A 3.3 Mb genomic alignment containing the
MIR156b/c locus in rice, maize and sorghum is shown in
Fig. 2B. A large sorghum genomic segment (Super_67,
3.3 Mb) sequenced by the Sorghum Genome Project, DOE-
JGI Community Sequencing Program (CSP, http://www.phy-
tozome.net/sorghum), which contains the MIR156b/c locus,
showed high synteny to the corresponding genomic region of
Table 1
Nucleotide polymorphisms and selection test
Group Sample size (n) p (·1000) h(·1000) D P D* F*
Cultivated rice 30 0. 43 (0. 16) 1.61 (0. 84) 2.01* 0.000 3.24** 3.34**
Wild species 15 4.81 (0.87) 9.66 (3.92) 2.09* 0.004 2.85** 3.04**
Note: p, the average pairwise nucleotide diversity [20]; h, Watterson’s estimator [19]; D, Tajima’s D [21]; D* and F*, Fu and Li’s D* and F* [22]; P,
Coalescent simulations. Detailed accessions for two groups see Table S1. *P < 0.05 and **P < 0.02.
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were also found within the genomic region containing the
MIR156b/c locus in rice. Genomic and mRNA sequences of
MIR156b/c have been determined for these three cereals and
are available in public databases (GenBank and TIGR). High
sequence similarity of the gene among rice, maize and sorghum
was observed (Fig. S2). The two highest conserved regions are
the stem-loop sequences of MIR156b and MIR156c. The
sequences of the two mature miRNAs are identical in three
cereals. However the spacer size between the two miRNA
precursors diﬀers, being 200 bp in maize and 400 bp in rice.
Simple repeats are the major contributor to the diﬀerence.
These results indicate that the MIR156b/c locus is highly con-
served at least in rice, maize and sorghum and perhaps in all
cereals. The function of MIR156b/c also appears to be con-
served in rice and maize as the phenotypic changes observed
in transgenic plants overexpressing miR156b (rice; [13]) or
miR156b/c (maize; [19]) are similar.
MIR156b/c are encoded by a single transcript (full-length
cDNA AK110797), suggesting they are co-expressed.
However, the mature miR156b and miR156c sequences are
identical so it is not possible to determine if both miRNAs
are expressed. Co-transcription of MIRNAs is not unique to
MIR156b/c. For example, 24 MIR395 genes are organized
into four compact clusters, each transcribed as a single tran-
script in rice [17]. Co-transcription of similar or identicalMIR-
NA genes might have a dosage eﬀect in plants. In contrast,
animal MIRNA genes in a cluster usually are not homologs
although they are evolutionarily related, such as those in the
miR-17 gene cluster. These non-homologous MIRNA genes
could regulate multiple functionally related genes simulta-
neously [38].
3.3. Molecular diversity and selection of MIR156b/c
The conserved function of MIR156b/c in maize and rice led
us to investigate whether selection forces have acted on it dur-
ing the origin and domestication of rice [13,19]. To answer this
question, genomic sequences of the MIR156b/c locus were
ampliﬁed from 30 rice cultivars and 15 wild rice accessions.
Several methods were used to examine whether the nucleotide
polymorphism observed in theMIR156b/c locus ﬁts the neutral
model. For loci selected only by domestication and genetic
improvement, a signiﬁcant selection signal should be detected
in cultivated rice but not in wild rice. In contrast, for the loci
that are important for both cultivated and wild rice, a selection
signal should be detected in both populations [39]. Our results
indicated that theMIR156b/c locus experienced strong natural
selection in O. ruﬁpogon, and natural and/or domestication
selection in the cultivated rice because the neutral model was
rejected (P < 0.05) based on signiﬁcant parameters of Tajima’s
D test, and Fu and Li’s D* and F* test (Table 1). Coalescent
Simulations of Tajima’s D test also supported this result. Inview of the importance of the MIR156b/c locus in determina-
tion of plant appearance in rice and maize and the fact that
O. ruﬁpogon has a similar appearance to that of cultivated rice
[40], it is no surprise to see strong natural selection on the
MIR156b/c locus in O. ruﬁpogon. To know which region of
the MIRNA gene is the selection target, Tajima’s D test was
carried out across theMIR156b/c locus using sequences ampli-
ﬁed from 15 accessions of O. ruﬁpogon. The test indicated that
a 100–150 bp region (including mature miR156) upstream of
the mature miR156b and miR156c in each of their precursors
experienced stronger selection. This result implies the impor-
tance of mature miRNA sequences and their 5 0 ﬂanking re-
gions in miRNA biogenesis and function. Nucleotide
diversity of the MIR156b/c locus in the cultivated rice was
8.9% of that in O. ruﬁpogon according to an estimator of
average pairwise nucleotide diversity (p). In other words,
MIR156b/c lost >90% of its nucleotide diversity during domes-
tication (Table 1). Another estimator (Watterson’s h) also
showed the same trend as p. Across the MIR156b/c locus,
the nucleotide diversity was relatively lower in MIR156b and
the MIR156c precursors. The mature sequences of miR156b
and miR156c were extremely conserved among the cultivated
and wild rice with no nucleotide mutation or insertions/dele-
tions in the 45 samples from the two groups.
Genetic diversity in neutral (unselected) genes is expected to
be reduced only by bottleneck or demographic eﬀects, therefore
retaining more diversity than selected genes [39]. A recent inves-
tigation ondomestication bottlenecks based on 10 neutral loci in
rice indicated that domesticated rice maintains about 52.1% (p)
of the variability found in its progenitorO. ruﬁpogon [41]. In the
MIR156b/c locus, however, only 8.9% diversity was maintained
in the cultivated rice. Therefore the bottleneck eﬀect is not en-
ough to explain this dramatic diversity loss. We believe that
the MIR156b/c locus was a target of domestication selection,
although bottleneck eﬀects could have also narrowed the genetic
diversity of this locus in the cultivated rice during domestication
process. This result suggests that domestication selection
could target not only transcription factors as shown before
[20] but their upstream regulators, for example,MIRNAs.
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